Renal organic cation transporters (OCTs) play a significant role in the elimination of a wide variety of organic cations, including endogenous compounds (e.g., monoamine neurotransmitter 1) and creatinine 2) ), drugs (e.g., cimetidine 3) metformin, 4) pramipexol 5) and cisplatin 6) ) and xenobiotics (e.g., tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium (MPP ϩ ) 3) ). OCTs are expressed in the basolateral membrane of renal proximal tubular cells, where they mediate the initial step of renal secretion of organic cation compounds. [7] [8] [9] The OCTs mediate facilitated diffusion of organic cations driven by a transmembrane potential difference. Several members of the OCT family have been cloned and identified, including OCT1, OCT2 and OCT3. Expression studies have shown that OCT1 is expressed in liver, kidney and small intestine. [10] [11] [12] [13] OCT2 is expressed mostly in the kidney and is considered to be the major transporter for organic cation transport.
Renal organic cation transporters (OCTs) play a significant role in the elimination of a wide variety of organic cations, including endogenous compounds (e.g., monoamine neurotransmitter 1) and creatinine 2) ), drugs (e.g., cimetidine 3) metformin, 4) pramipexol 5) and cisplatin 6) ) and xenobiotics (e.g., tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium (MPP ϩ ) 3) ). OCTs are expressed in the basolateral membrane of renal proximal tubular cells, where they mediate the initial step of renal secretion of organic cation compounds. [7] [8] [9] The OCTs mediate facilitated diffusion of organic cations driven by a transmembrane potential difference. Several members of the OCT family have been cloned and identified, including OCT1, OCT2 and OCT3. Expression studies have shown that OCT1 is expressed in liver, kidney and small intestine. [10] [11] [12] [13] OCT2 is expressed mostly in the kidney and is considered to be the major transporter for organic cation transport. [14] [15] [16] OCT3 is mainly expressed in placenta and ovary, but is also present at low levels in many tissues. 14, 17) For net transepithelial organic cation transport, in addition to its uptake, extrusion at the apical membrane into tubular lumen is also important. Previously, several transporters including organic cation/carnitine transporter 1, 2 (OCTN1, OCTN2) and multidrug resistance protein 1 (MDR1) were thought to participate in the extrusion of organic cation at the apical side. [18] [19] [20] Very recently, other luminal H ϩ /organic cation antiporters, human (h) multidrug and toxin extrusion (MATE)1, hMATE2, rat (r) MATE1 and mouse (m)MATE1 and mMATE2, have been also suggested to contribute to renal organic cation transport. [21] [22] [23] It appears that testosterone can affect plasma levels of organic cations by modulating the activity of renal OCT2. This notion is supported by the observation that OCT2 mRNA levels are higher in kidneys of male than that of female mice and rats. 14, 24, 25) Furthermore, testosterone treatment increased rOCT2 mRNA expression and TEA accumulation in renal slices of both sexes. 26) Additional studies indicated that testosterone enhanced expression of rOCT2, but not rOCT1 and rOCT3, via the androgen receptor-mediated transcriptional pathway. 27) Recently, Lickteig et al. 28) reported that mMATE1 mRNA is more highly expressed in the kidney of male than that of female mice. However, the regulatory role of testosterone in MATE1 has not been elucidated. Clearly, functional changes in OCT expression would affect the pharmacokinetics of endogenous OC as well as cationic drugs. However, little information is available regarding the physiological role of transporter regulation in the whole animal.
To gain more insight into the role of testosterone in regulating renal OC transport, we first examined the effect of testosterone on organic cation transport mediated by OCTs in the whole animal. The mechanism of testosterone induced changes in OC secretion was then assessed in vitro using isolated mouse renal proximal tubule (mRPT). In addition, the expression of OC transporter mRNA was examined using quantitative real time polymerase chain reaction (real time PCR) analysis. We found that testosterone stimulated OC transport in male mice both in vivo and in the isolated mRPT. These changes were primarily due to a decrease in mOCT2 mRNA levels. In addition, testosterone also produced a modest increase in OCTN1 mRNA level. Animals Animal experiments were performed in accordance with the Guidelines for Laboratory Animal Ethical Committee of Mahidol University, Bangkok, Thailand. Male CD1-ICR outbred mice (National Laboratory Animal Center, Bangkok, Thailand) were randomly divided into four groups: sham operated (Control), castratedϩvehicle treatment (Castrated), castratedϩ5 mg testosterone/kg (CasϩT5), castratedϩ40 mg testosterone/kg (CasϩT40). Testosterone or vehicle (corn oil) was administered subcutaneously in nape of neck once daily for 7 d. 26, 29) Mice were bilaterally gonadectomized one week prior to hormone treatment.
MATERIALS AND METHODS

Materials
Clearance Determination Experiments were performed in 6-week-old mice weighting 28 to 31 g. Mice had free access to standard rodent chow and tap water. Mice were anesthetized by an intraperitoneal injection of 100 mg inactin/kg body weight (BYK-Gulden, Constance, Germany) and 50 mg ketamine/kg body weight (Sigma, St. Louis, MO, U.S.A.). Mice were then placed on a temperature-controlled operating table and trachectomized to facilitate breathing. The jugular vein was cannulated with polyethylene (PE) tubing (Intramedic PE-10, Becton Dickinson and Co., Parsippany, NJ, U.S.A.) for delivery of fluids and test substrates. The urinary bladder was cannulated via suprapubic incision for urine collection. Upon completion of surgery, 0.1 ml aliquot of isotonic saline was given intravenously to replace fluid loss and the animal was allowed to stabilize for 30 min. Subsequently, a priming dose of 4 mCi of [ 3 H]-inulin plus 0.5 mCi of [ 14 C]-TEA in 90 ml of saline solution (0.9% NaCl containing 4 mM KCl) was given, followed by a maintenance infusion of saline containing 5 mCi/ml of [ 3 H]-inulin and 0.6 mCi/ml of [ 14 C]-TEA at an infusion rate of 0.45 ml/h. Following an equilibration period of 60 min to allow plasma TEA and inulin to achieve a steady state, urine and blood samples were collected for 3 periods of 20 min each. Urine collection was performed under oil to prevent evaporation and samples were weighed for volume determination. Blood samples of 20-30 ml were taken from the tail vein at the mid point of each urine collection period and plasma was immediately separated by centrifugation. Radioactivity of inulin and TEA in plasma and urine samples was measured by liquid scintillation counting (Liquid scintillation counter Rackbeta, LKB Wallac, Sweden). Results were calculated for clearance using the following equation:
where C x is clearance rate of substance x; U x , concentration of x in the urine; P x , concentration of x in plasma; and V, urine flow rate (ml/min). Glomerular filtration rate (GFR) was derived from clearance of inulin. Absolute secretion of TEA was calculated from the difference between total amount of TEA in urine and its filtered load. Organic Cation Transport in Isolated Proximal Tubule Mice were sacrificed by intraperitoneal injection of sodium pentobarbital. Kidneys were removed and sliced transversely using a single-edge razor. A kidney slice was then transferred to a Petri dish on ice that contained standard buffer solution (in mM: 115 NaCl, 25 NaHCO 3 , 5 KCl, 2.3 NaH 2 PO 4 , 1 MgSO 4 , 1.8 CaCl 2 , 10 Na acetate, 8.3 D-glucose, 5 L-alanine, 2 lactate, 2 glutamate) that was aerated continuously with 95% O 2 and 5% CO 2 to maintain the pH at 7.4. Osmolality of the solution was 290 mOsmol/kg H 2 O. S2 segments of the renal tubules consisting of late convoluted and early straight portions of the renal tubule were individually dissected from the cortical zone under a stereomicroscope without the aid of enzymatic agents. 30) All dissections were performed at 4°C. The dissected tubules are collapsed and thus, are only capable of basolateral transport. 30) Uptake was measured by transferring each tubule into an oil-covered well chamber containing [ 3 H]-TEA (0.5 mM) at 37°C for 60 s, a time period chosen as to permit measurement of the initial rate of TEA uptake. Uptake was stopped by transferring tubule into a microwell (60-well plate, Nunc, Naperville, IL, U.S.A.) containing 7 ml of 1 N NaOH. Tubules were solubilized by incubating for at least 30 min. Accumulation of [ 3 H]-TEA by each tubule was determined by liquid scintillation counting. At least three tubules were used to determine uptake for each measurement. As in previous study, 31) transport rates were normalized to the tubule surface area, based upon tubule lengths and diameters as determined from photographs taken through a dissecting microscope equipped with a digital image capture system (Snappy, Play, Inc.)
Kinetics of TEA Transport in Proximal Tubule The kinetics of TEA uptake in single, non perfused renal proximal tubule was determined to evaluate the physiological characteristics of TEA transport. Uptake of 1 mM [ 3 H]-TEA for 60 s was measured in isolated tubule in the presence of increasing concentrations of unlabeled TEA. Kinetics of TEA uptake was described by the following form of the Michaelis-Menten equation for competitive interaction of labeled and unlabeled TEA 32) :
where J is the rate of [ 3 H]-TEA transport at concentration equal to [*T]; J max , maximum rate of TEA transport; K t , TEA concentration that results in half-maximal transport (Michaelis constant); T, concentration of unlabeled TEA in the transport reaction, and C, a constant reflecting the combined influence of diffusive flux, non-specific binding and/or incomplete rinsing of the tubule that results in a component of total uptake of labeled substrate not saturated over the range of substrate concentrations tested.
Quantitative Real Time PCR Analysis Total RNA was extracted and isolated from kidney cortex from 5 mice in each group using TRIZOL Reagent (Invitrogen Life Technologies, Carlsbad, CA, U.S.A.) and RNeasy kit (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's instruction. cDNA was synthesized using SuperScript III (Invitrogen Life Technologies, Carlsbad, CA, U.S.A.) and RT-PCR performed using SYBR Green real-time PCR assay kit (Applied Biosystem, Foster City, CA, U.S.A.). Primers were designed according to published sequences (Table 1) and were purchased from MWG Biotech (High Point, NC, U.S.A.). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers were used as an internal standard and were purchased from Superarray Bioscience (Frederick, MD, U.S.A.). Thermocycling conditions were as follows: 50°C for 20 min; 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min. Real time PCR amplification was performed in triplicate for each animal. Statistical Analysis Data are expressed as meanϮS.E. For isolated tubule measurements, n represents the number of individual experiments from different animals. Data were analyzed using un-paired Student t test in kinetic studies. Multiple comparisons were performed with one-way ANOVA and post hoc Tukey's test for isolated mRPT and clearance studies. Randomized block design was used for quantitative real time RT-PCR experiments. Data were considered significantly different at value of pϽ0.05.
RESULTS
Renal Clearance of [
14 C]-TEA in Mice Previously, the effect of testosterone on OCTs activity has been reported using in vitro experiments. 26) However, it is important to assess whether this effect can be observed in the intact animal. Thus, we determined the influence of testosterone deprivation on OC clearance in vivo. Mice were castrated when they were 4 weeks old, one week later testosterone (40 mg/kg body weight; a dose shown in vitro (see below) to reverse the effects of castration) or vehicle (corn oil) was injected subcutaneously into mice once daily for 7 d. Experiments were performed on the day following the last hormone administration. The effects of castration were verified by examining the weight of the seminal vesicle and the level of testosterone in plasma. Each showed a significant decrease (data not shown). Inulin clearances were not different among groups ( Table 2 ), suggesting that testosterone had no effect on GFR. However, absolute secretion of TEA, a model substrate for OCT, was greatly reduced in the castrated mice as compared to the control group (51Ϯ9.67 vs. 72Ϯ7.67 pmol/min; pϽ0.05). Moreover, the ratio of [ ]-inulin clearance in castrated mice was significantly lower (43%) than that of the control group. When castrated mice were treated with 40 mg/kg testosterone for one week, clearance ratio and absolute secretion of TEA were restored to control levels ( Table  2) .
Effect of Testosterone on Basolateral Uptake of TEA in Isolated Mouse Proximal Tubules As mentioned above, net OC secretion takes place via at least two distinct steps, basolateral uptake and apical efflux. Therefore, to determine if the changes in organic cation transport in castrated mice were due to changes in uptake at the basolateral side, [ 3 H]-TEA uptake was measured in isolated mRPTs. As observed previously, 30) this in vitro technique allowed us to measure basolateral TEA uptake since the lumen of dissected tubules are collapsed, although cell architecture is unchanged. As shown in Fig. 1 Quantitative Real Time PCR Analysis As renal basolateral uptake of OC could involve several transporters; we sought to identify which were altered after testosterone deprivation. Quantitative real time PCR was used to determine mRNA levels of several potential transporters which might be involved with TEA secretion. In control mice, basolateral OCT2 mRNA expression was found to be the highest, and then followed by OCT1 and OCT3, respectively (Fig. 3) . Mouse OCT2 mRNA expression in castrated mice was significantly lower than that of the control group by about onethird and mRNA level was restored to nearly reach control level after testosterone administration (40 mg/kg). However, mOCT1 and mOCT3 mRNA expression did not change significantly in response to testosterone (Fig. 3) .
We also analyzed mRNA levels of the major organic cation transporters of mice (MATE1, MATE2, OCTN1 and OCTN2) expressed at the apical side of renal proximal tubule. In control mice, mRNA levels of the 4 transporters were MATE1ϾOCTN2ϾMATE2ϭOCTN1. Upon castration, OCTN1 mRNA expression was significantly increased and testosterone administration restored it to control levels ( Fig. 3) . Expression of MATE1, MATE2 and OCTN2 mRNA was not significantly affected by testosterone.
DISCUSSION
Effects of gender on pharmacokinetics of drugs are known both in humans and experimental animals (reviewed by Sabolic et al. 33) ). A possible reason for these observations is a role of sex hormones on transporter activity of the renal proximal tubules. Indeed, sex hormones have been suggested to control activity of transporters expressed in renal proximal tubules. [34] [35] [36] Functional changes of renal transporters are important particularly for drugs that have a narrow therapeutics index. Moreover, among the drugs available in the market, approximately 40% are OCs, 37) and gender effects on OC drug transport has been reported for the anti-viral drugs amantadine 38) and cisplatin. 39) Thus, changes in the OCs transporter expression may affect the therapeutic efficacy of OC drugs, or lead to severe side effects. Therefore, it is important to examine whether such effect can be observed in the whole animal.
Several investigators have demonstrated the short-term regulation of basolateral OC uptake by various kinases. 31, 40) However, much less data are available on long-term regulation of OC transport, especially in vivo effects. Thus, we determined the effects of testosterone on OC secretion in the whole animal using in vivo clearance determinations, focusing on how the intact kidney handles OC secretion following testosterone deprivation and supplementation. Our data showed that TEA, a model substrate of OC, clearance in castrated mice was lower than that of control mice. These data imply that testosterone regulates the renal excretion of OCs. Decreased OC excretion in castrated mice could be the result of either decreased GFR or tubular secretion. Since GFR did not change (Table 2) , the decreased TEA clearance in castrated mice must have reflected reduced TEA secretion, i.e., decreased tubular transport of TEA. The important role of testosterone in the regulation of OC secretion observed in our study was consistent with several previous studies showing that 1) OCT2 mRNA level was higher in kidney of male than that of female mice and rat, 14, 24, 25) and 2) testosterone treatment increased rOCT2 mRNA expression and TEA accumulation in renal slices. 26) Taken together, these findings support the conclusion that testosterone modulates of renal OC transport. Although there is no direct evidence of sex difference in cationic drug pharmacokinetics in humans, indirect evidence suggests a potential role of sex hormones in OC drug-induced toxicity. Ebert et al. 41) reported that testosterone may protect the heart from cationic drugs-induced cardiac arrhythmia. Women are at greater risk than men for torsades de pointes when taking the cationic drug, terfenadine. These data imply that the protective effect of testosterone may be due to its effect on cationic drugs excretion.
We next examined the mechanisms by which testosterone mediated the regulation of TEA secretion in the whole animal. It could alter either its basolateral uptake and/or apical efflux. To focus on the basolateral uptake step, the effect of testosterone on [ 3 H]-TEA uptake into isolated mRPT was measured. In this system, testosterone reduction (i.e., castration) reduced basolateral OCT-mediated transport into renal proximal tubule. Moreover, kinetic analysis of TEA uptake showed a significantly decreased J max , but no change in K t of the castrated mice. These results strongly suggest that testosterone regulates OC transport through control of the number transporters expressed in the basolateral membrane of the proximal tubule.
To further identify specific renal OC transporters that were modulated by testosterone, quantitative real time PCR analysis was performed. These data indicated that OCT2 mRNA was the most abundant in renal proximal tubule, being about ten times more than OCT1 mRNA (Fig. 3) . Since the affinity of TEA for mOCT1 and mOCT2 is reported to be equal, 42) OCT2 is considered as the major renal transporter responsible for TEA uptake. In castrated mice, OCT2 mRNA level was down regulated to about one third of control level, in agreement with the previous report. 14) Indeed we have tried to examine the changes in protein expression level of OCT2 in castrated mice using both Western blot analysis and immunohistology study. Unfortunately, due to the lack of a specific antibody for mouse OCT2, we could not obtain reliable results using polyclonal antibody against rat OCT2. Although the mRNA level does not always reflect protein expression, it was previously shown earlier that the OCT2 protein level was significantly decreased in castrated rat. 39) Thus, considering the present results and the previous findings, it is probable that decreased TEA uptake in castrated mice reflects a decrease in OCT2 expression.
Regarding the apical exit step, there is no information available on the expression and function of luminal transporters after gonadectomy, but it is possibile that testosterone may also regulate luminal transport of OC. In this instance, TEA transport could be mediated by OCTN1, OCTN2, MATE1, and MATE2 which are responsible for exporting various OC through H ϩ -or Na ϩ -coupled antiport mechanisms. 21, 23, 43, 44) In rat, mouse and human, MATE1 has been suggested to be the major contributor for apical transport. 21, 22, [43] [44] [45] [46] Since TEA is a class I (small and soluble) organic cation, it is mainly transported by OCTN1 and MATE1 at the apical membrane. 44) Indeed, quantitative real time PCR analysis (Fig. 3) showed that while OCTN1 mRNA level was low, it was modestly, but significantly, higher in castrated mice, indicating that testosterone may regulate OCTN1 expression. The mechanism responsible for this phenomenon is not known. It might be due to the adaptation response of OCTN1 occurring during testosterone depletion that compensated for decreased OCT2 mediated transport. Further study is needed to elucidate the role of testosterone on OCTN1 function.
The information of transcription factors specific to the proximal tubule is still limited. Recently, basal promoter element of hOCT2 gene was characterized. 47) In addition, there is evidence that testosterone can regulate rOCT2 activity via androgen response elements. 28) Although there is no evidence for a direct correspondence between the transcriptional factors of rodent and human, androgen receptors present in both rodent and human. 33) This suggests that androgens could regulate the transporters in both species.
In summary, the results of the present study demonstrated that deprivation of testosterone (by castration) in mouse suppresses organic cation secretion through down-regulating OCT2 at the basolateral face of the renal tubule, and that testosterone supplementation reverses this effect. Moreover, these effects appear to be mediated through insertion of OCT2 into, or from its removal from the basolateral membrane of the renal proximal tubule. Thus, testosterone will alter the efficacy of OC drug elimination and alter its pharmacokinetics. This information is critical for prediction and management of OC drug distribution and potential toxicity based on patient gender and/or sex hormone status.
